We tune the emission energy of self-assembled InAs/ GaAs͑001͒ quantum dots ͑QDs͒ by partial GaAs capping and annealing. During the annealing step, the surface above the QDs flattens substantially. The existence of In-rich cores below the thin GaAs cap is directly probed by using in situ selective etching. The blueshift of the QD emission energy, resulting from the reduction of the QD height, is tuned by increasing the annealing time or by reducing the capping layer thickness. For long annealing times, the ensemble photoluminescence ͑PL͒ displays a multipeak behavior which is attributed to monolayer fluctuations of the QD height. Single-QD micro-PL shows that the quality of the QDs can be improved by desorbing the In accumulated around the QDs by performing the annealing at high substrate temperatures.
I. INTRODUCTION
In recent years, investigations on semiconductor quantum dots ͑QDs͒ have been motivated by their potential application as single photon sources 1 and as quantum bits ͑qu-bits͒ in the field of quantum information processing. 2 For fundamental investigations, QDs with low spatial density and transition energies in the working range of Ti:Sa lasers and Si detectors are desired. Self-assembled In͑Ga͒As QDs grown on GaAs͑001͒ substrates are commonly employed for this kind of studies. 3, 4 InAs QDs with very low density can be easily fabricated, but their emission wavelength is generally too long. 5 By introducing Ga during the QD growth, InGaAs QDs with suitable emission energy may be obtained but such QDs are generally characterized by high surface densities. 3, 4 Therefore, a simple approach consists in growing InAs QDs with low density and then blueshift of their emission. This can be achieved either by postgrowth rapid thermal annealing [5] [6] [7] ͑RTA͒ or, in situ, by partial capping and annealing ͑PCA͒. 8, 9 The latter method does not require any postgrowth processing and has been widely used to fabricate QDs ideally suited for single-QD spectroscopy. 10 In spite of the numerous studies 8,9,11 a full understanding of the phenomena occurring during the PCA process is still missing.
In this paper, we employ the PCA method and vary the capping thickness d, annealing time t, and substrate temperature T during annealing in order to systematically tune the emission energy of InAs QDs. An in situ selective etching step [12] [13] [14] is used as a simple tool to reveal the presence of In-rich cores after the PCA process.
II. EXPERIMENT
The samples are grown by solid source molecular beam epitaxy on semi-insulating GaAs͑001͒ substrates under As 4 beam equivalent pressure of 8 ϫ 10 −6 mbar. A 400 nm GaAs buffer, a 20 nm Al 0.3 Ga 0.7 As layer, and a 20 nm GaAs layer are grown after oxide desorption. The InAs QDs are obtained by deposition of InAs at a growth rate of 0.01 ML/ s ͑ML denotes monolayers͒ at a substrate temperature of 500°C, which is defined as the transition temperature where the GaAs͑001͒ surface reconstruction changes from a ͑2 ϫ 4͒ to a c͑4 ϫ 4͒ pattern. The QD density is tailored by controlling the deposited In amount. After a 30 s growth interruption, the PCA method is applied. For the photoluminescence ͑PL͒ investigations, the QDs are then overgrown with 100 nm GaAs, 20 nm Al 0.3 Ga 0.7 As, and 10 nm GaAs layers. The same QD structures are grown on the sample surface for morphological characterization by atomic force microscopy ͑AFM͒ in tapping mode. The optical properties of the QDs are investigated by a micro-PL ͑-PL͒ setup at 7 K ͑see Ref. 15 for details͒, which has spatial and spectral resolutions of about 2 m and 80 eV, respectively.
III. RESULTS AND DISCUSSION
Prior to overgrowth, QDs have a domelike shape 16 ͓Fig. 1͑a͔͒. When the QDs are overgrown with 2 nm GaAs and annealed at 500°C for 1 min, shallow mounds elongated in the ͓110͔ direction are observed on the surface ͓Fig. 1͑b͔͒. [17] [18] [19] The QDs after 4 min annealing are replaced by mounds with a not-well-defined shape ͓see Fig. 1͑c͔͒ . Highresolution scanning tunneling microscopy ͑STM͒ images 20 of mounds on top of buried QDs show that their surface is composed of small ͑001͒ terraces bounded by steps. The structures observed do not represent the morphology of the QDs, since strong material diffusion away from the QDs ͑Ref. 21͒ and surface-mediated intermixing is known to take place during the PCA process. 22 This is supported by an experiment in which a sample similar to that shown in Fig. 1͑c͒ is etched in situ by AsBr 3 with a nominal etching depth of 0.5 nm. Nanoholes with an average depth of 1.8 nm and diameter of 45 nm are created at the positions previously occupied by the buried QDs due to the material and strain selectivity of the etching gas ͓Fig. 1͑d͔͒. [12] [13] [14] The formation Figure 2͑a͒ shows ensemble PL spectra of QDs with d = 2 nm, T = 500°C, and different values of t, collected at an excitation power suitable to observe the first excited states. From these spectra we extract the energy separation ⌬E between ground state and first excited state. From PL spectra measured at lower excitation intensity ͑not shown͒ we determine the energy E and the full width at half maximum ͑FWHM͒ of the ground state peak. These data are summarized in Fig. 2͑c͒ . A blueshift of the QD emission by 81 meV relative to that of the reference QD sample without annealing is observed for t = 1 min. Increasing t to 4 min results in a progressive shift of the emission energy from 1.18 to 1.31 eV, which is much larger than the 20 meV reported in Ref. 23 . As discussed below, the shift is mainly attributed to the reduction of QD height, suggested by the decrease of the mound height during annealing ͓Fig. 2͑b͔͒. The sample with t = 4 min has an emission energy within the desired range and is hence suitable for the -PL investigations.
In addition to a monotonic increase of emission energy, also the FWHM increases with increasing annealing time ͓see Fig. 2͑c͔͒ . This is probably due to the strong influence of size and composition fluctuations on the QD emission energy as the height of the QDs decreases. In contrast to the samples with t up to 3 min, where the ground and first excited states can be separated, the spectrum for the sample with t = 4 min appears composed of several peaks ͓Fig. 2͑a͔͒. A PL spectrum of the ground state emission of this sample, collected at very low excitation intensity, is included as an inset in Fig. 2͑a͒ . As suggested by the AFM and STM ͑Ref. 20͒ images, the surface above the QDs is composed of small ͑001͒ terraces and steps. Therefore, the asymmetric shape of the ground state emission can be due to the overlap of several peaks produced by QDs with height differing by an integer number of monolayers. In fact, this effect is much more pronounced for shallow QDs after PCA than for the asgrown QDs. A similar behavior has been reported by Guffarth et al. 24 In order to support this scenario, a simple calculation is performed by assuming that the QDs after PCA can be described by an ensemble of In 0.35 Ga 0.65 As quantum wells ͑QWs͒, since the ground state emission is mainly determined by the confinement in the growth direction. The transition energy of each QW is calculated by solving the Schrödinger equation with the Ben-Daniel-Duke Hamiltonian for the electrons and heavy holes with different effective masses in the QW and in the GaAs barriers. The lateral confinement, determining the appearance of the excited states, is approximated by a simple harmonic oscillator potential. Since ⌬E stays approximately constant 25 at about 56 meV during the annealing procedure ͓Fig. 2͑c͔͒, we assume that the lateral confinement does not change appreciably in spite of the strong blueshift of the QD emission. Therefore, in the harmonic potential model, the lateral confinement only blueshifts the transition energy by a constant value. Under these assumptions, we calculated the ground state transition energies for QWs with thicknesses equal to 10, 11,…, 15 ML and used the calculated energies as peak positions for a multiple Gaussian fit with fixed FWHM. The fit, included in the inset of Fig. 2͑a͒ , is in good agreement with the observed peak shape. However, it is worthwhile to note that the composition and thickness are affected by large uncertainties and different choices of these parameters could also provide reasonable fits of the observed spectrum. For a given QD height, fluctuations of the composition, strain, and lateral size are expected to give rise to the inhomogeneous broadening of the individual peaks.
The behavior summarized in Fig. 2͑c͒ indicates that the mechanism responsible for the blueshift is much different from that taking place during RTA. In the latter case, both FWHM and ⌬E decrease as the blueshift proceeds ͓see, e.g., Ref. 5͔ because of bulk In-Ga interdiffusion and consequent confinement reduction. In the case of PCA it is suggested that due to the unfavorable growth of GaAs on top of InAs, 19, 21 the material on top of the QDs tends to transfer into the surroundings and form the highly alloyed elongated InGaAs structures shown in Fig. 1 . Therefore, the QDs still preserve In-rich cores below the surface and only decrease their height with increasing annealing time, which results in the blueshift of the emission. The lateral size of the QDs stays constant as the annealing time increases, which leads to a constant energy separation ⌬E ͓see Fig. 2͑c͔͒ .
The presence of residual In in the QD surroundings can produce the accumulation of charge carriers which may result in a broadening of PL spectra of single QDs due to spectral diffusion. 26 In order to desorb the In around the QDs, 9 the substrate temperature is ramped to 560°C for the annealing. Figure 3͑a͒ shows PL spectra of samples annealed at this temperature for different times. A blueshift and an increase of the FWHM of the QD peak are observed as t is increased. For the 4 min annealed sample the PL spectrum seems to be composed of several peaks, which are attributed to monolayer fluctuations in the QD height, as supported by a calculation similar to that discussed above. Since we have no indication of In outdiffusion from regions below the surface level, 27 the minimum QD height is determined by d and, for a given annealing time, the emission energy should increase with decreasing capping thickness. This is indeed what we observe in the samples with d varying from 1.5 to 3 nm and t = 2 min ͓Fig. 3͑b͔͒. The tuning of the emission energy can hence be achieved either by fixing d and increasing t or by decreasing d while keeping t constant. Figure 4 shows -PL spectra of two representative QDs for two samples with low QD density together with the power dependence of the line intensities. Compared to the high-density samples discussed above, the QDs observed in low-density samples are slightly smaller because of the lower amount of deposited In. Therefore they generally emit light at shorter wavelengths. At a low excitation power, one peak X at 1.395 eV dominates the spectrum collected from a sample with d = 2 nm, T = 500°C, and t = 4 min ͓Fig. 4͑a͔͒. The line has a FWHM of about 180 eV. Its intensity increases with excitation power, saturates at 251 nW, and then decreases. A second peak XX appears at higher excitation power and its intensity increases rapidly. The integrated PL intensity as a function of excitation power is plotted in Fig.  4͑b͒ together with linear fits for the experimental data. The X ͑XX͒ line increases with power linearly ͑superlinearly͒ by a slope of 1.01 ͑2.14͒. This behavior together with the saturation and decrease of X line intensity at high power indicate that the X ͑XX͒ lines originate from excitonic ͑biexcitonic͒ transitions.
Similar PL spectra and power dependence of the PL intensity for a QD in a sample annealed at 560°C are shown in Figs. 4͑c͒ and 4͑d͒ . In addition to the linear and superlinear behaviors of the X and XX lines, a second line X1 also shows a linear increase of its intensity with power and may be due to a charged exciton transition. 10 The sample annealed at higher temperature is characterized by resolution-limited emission lines, which probably result from the desorption of the In accumulated around the QDs. 
IV. CONCLUSION
In summary, we have studied systematically the properties of InAs QDs treated in situ by partial GaAs capping and annealing. The annealing step produces a flattening of the surface above the QDs and a reduction of their height. In situ etching is used as a tool to probe the presence of In-rich cores in the partially capped QDs. An emission blueshift is obtained by either increasing the annealing time or reducing the capping layer thickness. Asymmetric PL spectra after long annealing time are attributed to monolayer fluctuations in the QD height. Single-dot spectra indicate that the quality of the QDs can be improved by annealing at a higher substrate temperature, which results in the desorption of the In surrounding the QDs.
